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The  paper  presents  a  new  synthesis  method  for  nanocomposites  made  from  amorphous  and  nanocrys¬ 
talline  silicon  deposited  on  a  carbon  fiber  substrate  and  the  Li-ion  battery  anode  performance  results 
achieved  with  such  nanocomposites. 

Atmospheric  microwave  plasma  coating  enables  deposition  of  nanosized  silicon  onto  the  3D-carbon 
fiber  substrate  containing  graphite  as  filler.  The  microstructure  and  composition  of  the  nanocomposites 
is  characterized  by  means  of  XRD,  SEM,  Raman  spectroscopy  and  N2  gas  adsorption.  Amorphous  silicon 
and  nanocrystalline  silicon  act  together  with  the  graphitic  carbon  as  Li-intercalation  material.  Excellent 
adhesion  to  the  “electrical  network”  provided  by  the  carbon  fibers  is  observed.  In  half-cell  measurements 
versus  lithium,  a  stable  capacity  is  found  even  at  multiple  cycling  with  high  charge/discharge  current. 
Anodes  for  Li-ion  batteries  made  from  the  new  material  have  the  potential  to  significantly  increase  the 
reversible  capacity  of  the  battery. 

For  example,  more  than  700  mAh  g-1  is  obtained  for  a  composite  with  a  silicon  content  of  less  than 
20  wt.%.  The  irreversible  specific  capacity  is  comparable  to  the  one  of  an  unmodified  carbon  fiber  substrate. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

During  the  past  decade,  secondary  lithium-ion  batteries  have 
become  the  major  power  source  for  mobile  applications,  such 
as  cellular  phones,  digital  cameras  and  notebooks.  Their  rather 
high  energy  density  of  up  to  120Whkg-1  makes  Li-ion-batteries 
superior  to  other  battery  types  for  mass  market  applications  (e.g. 
lead-acid  batteries:  30Whkg_1;  Nickel-metal-hydride  batteries: 
~80Whkg_1). 

State-of-the-art  anodes  of  Li-ion  batteries  usually  consist  of 
graphite  powder,  in  which  lithium  ions  can  be  intercalated  and  de- 
intercalated  [1].  Mechanical  stability  is  provided  by  a  polymeric 
binder,  usually  PVDF  [2].  Besides  graphite,  which  possesses  a  the¬ 
oretical  specific  capacity  of  372  mAh  g-1,  there  are  several  other 
promising  materials  for  application  as  anode  material  in  Li-ion  bat¬ 
teries,  with  theoretical  specific  capacities  superior  to  graphite,  like 
tin  [3]  and  silicon.  Unlike  graphite,  where  lithium-ions  are  stored  in 
between  the  graphene  layers  in  the  graphite  lattice  during  interca¬ 
lation  [4],  silicon  forms  binary  alloys  with  lithium  [5].  A  structure  of 
up  to  Li44Si  is  reported  [6],  resulting  in  a  theoretical  specific  capac¬ 
ity  of  4200  mAh  g-1.  Unfortunately,  the  alloying  comes  along  with 
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a  significant  volume  change  of  around  300%  [7],  which  leads  to  high 
mechanical  stresses,  and,  upon  repeated  cycling,  to  fast  disintegra¬ 
tion  of  the  material  and  a  very  high  irreversible  capacity.  In  addition, 
the  poor  electrical  conductivity  of  silicon  (only  250  fxSnrr1)  leads 
to  heat  generation  upon  cycling  due  to  the  high  internal  resistance 
and  limits  the  applicable  charge  current. 

Intense  research  activities  are  currently  undertaken  in  the  field 
of  carbon-silicon  composites  [8-10].  This  group  of  materials  seems 
to  be  a  promising  solution  to  overcome  the  silicon  related  problems 
discussed  above. 

By  using  nanostructured  silicon  in  the  composites,  mechanical 
stresses  arising  from  volume  changes  will  decrease,  which  leads  to 
a  reduced  irreversible  specific  capacity.  Such  nanostructured  mate¬ 
rials  can  be  prepared  by  e.g.  ball-milling  [11].  But  upon  prolonged 
cycling,  capacity  fading  due  to  loss  of  electrical  contact  can  still 
be  detected.  Superior  performance  could  be  expected,  if  a  good 
adhesion  between  the  carbon  and  the  nanostructured  silicon  would 
exist. 

By  means  of  chemical  vapor  deposition  (CVD),  nanostructured 
materials  can  be  deposited  on  a  suitable  substrate.  In  previous  work 
at  the  University  of  Bayreuth,  metals  as  well  as  metal  nitrides  and 
carbides  were  successfully  deposited  on  various  carbon  substrates 
by  microwave-assisted  atmospheric  pressure  CVD  [12,13]. 

In  the  presented  work,  nanostructured  silicon  was  deposited  on 
a  commercial  3D-carbon  fiber  substrate.  Aim  of  the  work  is  to  obtain 
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Fig.  1.  Experimental  setup  for  CVD  of  silicon  on  carbon  fiber  substrate  in  microwave 
plasma  CVD  reactor. 


a  composite,  in  which  the  carbon  fibers  provide  a  high  surface  area 
for  deposition  of  nanosized  silicon,  as  well  as  mechanical  stabil¬ 
ity  and  electrical  conductivity  by  their  percolating  network.  The 
deposited  silicon  as  well  as  the  graphitic  part  of  the  carbonaceous 
substrate  act  as  intercalation  material. 

2.  Experimental 

The  microwave  assisted  CVD  experiments  were  carried  out  in 
an  in-house  built  microwave  plasma  reactor  at  atmospheric  pres¬ 
sure  in  an  argon-hydrogen  atmosphere.  A  schematic  drawing  of  the 
experimental  setup  is  given  in  Fig.  1 . 

As  carbonaceous  substrate,  a  commercial  gas  diffusion  layer 
(GDL10AA,  SGL,  Germany)  was  used.  This  material  consists  of  car¬ 
bon  fibers  and  graphite  particles,  which  are  attached  to  the  fibers  at 
and  near  to  junctions  in  order  to  enhance  the  electrical  conductivity. 
Trichlorsilane  (TCS)  was  employed  as  silicon  precursor.  Before  start¬ 
ing  the  CVD  process,  the  setup  was  purged  with  argon-hydrogen  ( 5% 
H2)  for  at  least  30  min.  Following  to  purging,  the  argon-hydrogen 
gas  stream  was  reduced  to  0.04  m3h-1,  and  microwave  plasma 
was  ignited.  Typical  microwave  power  during  the  experiments  was 
1  kW.  After  the  substrate  had  reached  the  processing  temperature 
of  900  °C,  the  argon-hydrogen  gas  was  re-routed  through  the  TCS 
supply.  The  high  vapor  pressure  of  TCS  at  room  temperature  enables 


sufficient  transport  with  the  carrier  gas  stream.  When  entering  the 
plasma  zone,  the  precursor  is  decomposed  and  silicon  is  deposited 
on  the  substrate.  Other  gaseous  decomposition  products  (like  HC1, 
SiCl2  and  SiCl3)  are  neutralized  in  alcoholic  NaOFI  solution. 

TCS  was  added  for  varying  processing  times  between  30  s  and 
5  min.  After  that  time,  the  precursor-supply  was  disconnected  and 
the  microwave  source  was  turned  off.  In  order  to  remove  decom¬ 
position  products  of  the  TCS,  the  argon  hydrogen  gas  stream  was 
increased  to  0.12  m3h-1.  The  reactor  was  cooled  down  to  room 
temperature  under  constant  purging  before  removing  the  sample. 

The  silicon  content  was  measured  gravimetrically.  Crystalline 
phases  of  the  composite  material  are  determined  by  means  of  XRD. 
Primary  crystallite  size  was  calculated  by  the  Rietveld  method. 
SEM  images  were  taken  to  investigate  the  morphology  and  surface 
structure  of  the  samples.  Raman  spectroscopy  allowed  the  deter¬ 
mination  of  amorphous  and  crystalline  silicon.  Specific  surface  area 
was  measured  by  N2  gas  adsorption  (BET  method). 

For  investigation  of  electrochemical  properties,  half-cell  mea¬ 
surements  with  lithium  metal  as  cathode  are  performed.  A  12  mm 
diameter  disc  of  the  composite  material  was  punched  out  and 
directly  used  for  testing,  without  additional  binder.  The  cells  were 
assembled  in  a  glovebox  under  argon  (FI20<  1  ppm,  02  <40  ppm), 
using  1  M  LiPF6  in  1 : 1  mixture  of  ethylene  carbonate  and  ethyl- 
methyl-carbonate  as  electrolyte  and  a  Whatman®  GF-C  glass  fiber 
separator.  The  half  cells  were  cycled  galvanostatically  between  2  V 
and  0.5  mV,  with  varying  current  from  C/20  to  up  to  2C.  Addi¬ 
tionally,  the  specific  electrical  conductivity  of  the  composites  was 
measured  by  electrochemical  impedance  spectroscopy. 


3.  Results 

SEM  images  show,  that  a  porous  Si  coating  has  been  formed 
on  the  carbonaceous  substrate  during  the  CVD-process.  The  coat¬ 
ing  consists  of  numerous  small  particles  of  quite  homogeneous 
size,  grown  together  into  agglomerates.  Fig.  2  shows  SEM-images 
of  three  composites  prepared  with  different  coating  time.  The  Si 
agglomerates  size  is  increasing  with  prolonged  coating  time.  After 
1  min,  the  mean  agglomerate  size  derived  from  SEM  images  lies 
between  100  and  150  nm.  After  2.5  min  coating  time  the  agglomer¬ 
ates  have  growth  to  a  size  between  250  and  500  nm,  whereas  after 
5  min  coating  duration  the  Si-agglomerates  have  already  reached 


Fig.  2.  SEM-images  of  three  carbon-silicon-composites,  prepared  with  different  coating  time.  Overview  of  coated  fibers  (top)  and  high  resolution  images  of  deposited  silicon 
particles  (bottom).  Coating  time:  A  =  1  min;  B  =  2.5  min;  C  =  5  min.  Longer  coating  time  leads  to  larger  silicon  particles. 
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Coating  time  [min] 

Fig.  3.  Silicon  content  of  the  carbon  silicon  composite  materials  depending  on  the 
CVD  processing  time  at  1  kW  and  0.4  kW  microwave  power,  respectively. 


(jtm  size.  XRD  scans  revealed  elemental  silicon  as  well  as  ordered 
carbon  and  graphite  in  the  composites.  Only  traces  of  SiC  were 
detected.  The  SiC  content  as  well  as  the  primary  crystallite  size 
of  the  deposited  silicon  were  determined  by  the  Rietveld  method. 
The  primary  crystallite  size  of  the  silicon  was  found  to  be  around 
27  nm  for  all  materials,  whereas  the  calculated  SiC  content  varies 
between  0.3  and  2.5%. 

Raman  spectroscopy  measurements  revealed  the  composition 
of  the  coating  to  be  crystalline  silicon  and  mixtures  of  amorphous 
and  crystalline  silicon,  respectively.  The  composition  is  depending 
on  the  coating  time  and  is  varying  over  the  sample  volume.  Directly 
on  the  amorphous  carbon  fibers,  mainly  amorphous  silicon  can  be 
detected,  whereas  crystalline  silicon  is  found  on  the  graphite  parti¬ 
cles  of  the  substrate.  After  a  coating  time  of  more  than  2.5  min  at  a 
power  level  of  1  kW  microwave  power,  only  crystalline  silicon  can 
be  detected. 

The  silicon  content  of  the  composite  materials  was  found  to 
increase  linearly  with  increasing  duration  of  the  CVD  process.  The 
deposition  rate  is  strongly  dependent  on  the  microwave  power  used 
to  sustain  the  plasma.  Fig.  3  shows  the  silicon  content  for  several 
composites,  depending  on  microwave  power  and  coating  time. 

The  specific  surface  area  of  the  composites  was  found  to 
decrease  with  increasing  duration  of  the  CVD  process.  Results  for 
several  composites  prepared  at  1  kW  microwave  power  are  given 
in  Fig.  4. 

The  specific  electrical  through-plane  conductivity  of  the  com¬ 
posites  is  decreasing  exponentially  with  increasing  silicon  content, 
due  to  the  low  electrical  conductivity  of  the  deposited  silicon.  The 
results  for  the  plain  substrate  and  five  composite  materials,  pre¬ 
pared  at  1  kW  microwave  power  are  given  in  Fig.  5. 


Fig.  4.  Specific  surface  area  depending  on  the  coating  time  at  1  kW  microwave 
power.  The  triangle  at  0  min  indicates  the  unmodified  carbon  fiber  substrate. 


Coating  time  [min] 

Fig.  5.  Specific  electrical  conductivity  o  depending  on  CVD  coating  time.  The  triangle 
indicates  the  unmodified  carbon  fiber  substrate,  which  shows  higher  conductivity 
than  the  composite  materials. 

Despite  the  low  electrical  conductivity,  composite  materi¬ 
als  with  a  silicon  content  of  less  than  35wt.%  were  found  to 
show  good  electrochemical  performance  in  half-cell  measure¬ 
ments  vs.  lithium  at  small  charge/discharge  currents.  Fig.  6 
shows  results  for  several  cells  with  different  silicon  content, 
compared  to  the  results  obtained  with  the  unmodified  carbon 
fiber  substrate.  The  irreversible  capacity  of  the  composite  mate¬ 
rials  is  comparable  to  cirr  of  the  substrate,  whereas  the  absolute 
reversible  capacity  is  increased  significantly  with  increasing  silicon 
content. 

For  a  silicon  content  of  20wt.%  or  less,  stable  capacity  was 
obtained  also  for  higher  charge/discharge  currents  of  up  to  2  C,  as 
shown  in  Fig.  7. 

4.  Discussion 

The  increase  of  silicon  agglomerate  size  with  increasing  coating 
time  is  considered  to  be  due  to  sintering.  The  substrate  tem¬ 
perature  of  900  °C  is  sufficient  to  obtain  a  fast  sintering  of  the 
primary  particles  of  the  deposited  nanosized  silicon,  the  effect 
was  found  to  be  reproducible  in  post-deposition  heat  treatment 
performed  in  an  conventional  tubular  furnace  at  similar  substrate 
temperature. 

At  900  °C,  also  crystallization  of  the  deposited  silicon  is 
enhanced  [14],  which  explains,  why  amorphous  silicon  can  only 
be  found  in  nanocomposites  processed  with  short  coating  times. 

The  primary  crystallite  size  of  the  silicon  derived  from  Rietveld 
method  is  almost  the  same  for  all  carbon-silicon  composites,  as  the 


Si  content  in  composite  [wt%] 

Fig.  6.  First  cycle  reversible  and  irreversible  specific  capacity  in  dependence  of  sili¬ 
con  content  at  a  charge/discharge  current  of  C/20.  Up  to  a  silicon  content  of  34  wt%, 
the  carbon-silicon-composites  are  clearly  superior  compared  to  the  carbonaceous 
substrate.  Reversible  specific  capacity  is  more  than  1200  mAh  g-1  for  the  34wt% 
sample. 
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Fig.  7.  18  cycles  of  intercalation  and  de-intercalation  at  increasing  current  for  two 
carbon-silicon-composites  with  a  silicon  content  of  10  and  19  wt.%,  respectively.  A 
stable  reversible  specific  capacity  is  observed  for  both  materials  up  to  a  current  of 
2  C. 

duration  of  temperature  exposure  is  too  short  to  affect  it.  Dutta  et  al. 
[14]  reported  similar  results  when  investigating  the  crystallization 
of  silicon. 

The  decrease  of  the  specific  surface  area  with  increasing  coat¬ 
ing  time  is  also  due  to  effects  of  sintering  within  agglomerates,  as 
surface  area  is  dependent  on  agglomerate  porosity.  The  larger  the 
number  of  voids  within  agglomerates,  the  larger  is  the  surface  in 
relation  to  its  mass. 

Formation  of  SiC  is  possible  at  900 °C  [15],  but  the  reaction  is 
quite  slow,  therefore  only  a  small  amount  can  be  detected  in  the 
composites  by  means  of  XRD. 

The  small  amount  of  SiC  that  forms  between  the  substrate  and 
the  coating  due  to  reaction  of  the  carbon  with  the  deposited  sil¬ 
icon  during  the  process  is  considered  to  enhance  the  stability  of 
the  composite  during  electrochemical  cycling,  as  the  deposited  sil¬ 
icon  is  not  only  mechanically  but  also  chemically  bonded  to  the 
substrate. 

The  electrical  through-plane  conductivity  is  decreased  expo¬ 
nentially  with  coating  time,  as  the  silicon  is  located  at  the  surface 
of  the  carbonaceous  structure.  Therefore,  also  a  thin  layer  of  sili¬ 
con  can  decrease  the  through-plane  conductivity  of  the  composite 
drastically,  because  the  contact  resistance  towards  the  electrodes 
of  the  measurement  unit  is  increased. 

For  a  silicon  content  of  54wt%,  achieved  after  a  coating  time 
of  5  min,  cirr  was  found  to  be  more  than  90%.  The  large,  p,m  sized 
silicon  agglomerates  of  this  composite  obviously  disintegrated  dur¬ 
ing  the  intercalation  step,  therefore  the  electrical  contact  to  the 
substrate  was  lost.  The  composite  obtained  with  2.5  min  coating 
time,  containing  34wt%  Si  only,  showed  good  properties  at  small 
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charge/discharge  currents.  A  cirr  of  less  than  10%  was  obtained,  indi¬ 
cating,  that  the  silicon  structure  has  not  disintegrated  and  is  still 
connected  to  the  carbon  substrate.  An  increased  current  of  C/2.5 
lead  to  cell  failure  during  de-intercalation.  This  might  be  explained 
by  this  composites  low  electrical  through-plane  conductivity  of 
only  16Sm_1. 

According  to  Khomenko  and  Barsukov  [16],  the  reversible 
specific  capacity  of  a  component  in  a  composite  material  can 
be  calculated,  if  de-intercalation  behavior  and  content  of  the 
other  components  are  known.  For  a  silicon  content  of  less  than 
35  wt%,  the  reversible  specific  capacity  of  Si  in  the  first  cycle 
at  C/20  was  found  to  be  between  2.5  Ah  g-1  and  more  than 
3  Ah  g-1. 

Voltage  plotted  over  specific  capacity  reveals,  that  lithium  is  de- 
intercalated  from  both  the  silicon  and  the  carbonaceous  substrate. 
Fig.  8  shows  the  first  cycle  of  intercalation  and  de-intercalation 
for  a  composite  containing  10.2  wt.%  silicon.  The  curve  shows 
characteristic  voltage  plateaus  for  de-intercalation  from  carbona¬ 
ceous  material  (range  25-250  mV)  and  in  addition  a  pronounced 
plateau  at  around  400  mV,  indicating  the  lithium  extraction  from 
a  lithium-silicon  alloy.  The  addition  of  10.2  wt.%  nanostructured 
silicon  by  CVD  almost  doubled  the  reversible  specific  capacity,  as 
compared  to  the  uncoated  substrate. 

5.  Conclusion 

A  new  carbon-silicon-nanocomposite  material  was  prepared  in 
an  atmospheric  microwave  plasma  CVD  process.  High  reversible 
specific  capacity  even  at  high  charge/discharge  currents  has  been 
achieved  in  half-cell  measurements. 

Further  work  will  concentrate  on  optimization  of  the  long¬ 
term  stability  of  the  composite  material  over  several  100  cycles 
at  high  current,  as  well  as  the  behavior  at  elevated  temperatures. 
Also,  CVD  process  parameters  will  be  varied  in  order  to  achieve 
high  silicon  loading  while  maintaining  a  small  Si-agglomerate 
size. 
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